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Fe ~111! single crystal films have been grown on GaAs ~111! by the sputter-beam method.
Reflection high energy electron diffraction and x-ray diffraction measurements have revealed
excellent aligned epitaxial growth of the Fe ~111! film on GaAs. No evidence of preferential
diffusion of As atoms into the deposited Fe layers has been found in the depth profile of Auger
electron spectra. Magnetic measurements clearly show that the Fe ~111! film has nearly ideal
threefold symmetric anisotropy and exhibits isotropic initial permeability in the film plane, as
predicted by theory. © 1997 American Institute of Physics. @S0021-8979~97!07301-5#I. INTRODUCTION
Recently, epitaxial growth of a magnetic film on a semi-
conductor substrate has been widely attempted for integra-
tion of the forthcoming semiconductor/magnetic material hy-
brid devices.1 For example, some experiments have revealed
that Fe and Co single crystal films can be grown successfully
on Si or GaAs single crystals.2–5 In the above hybrid devices,
magnetically soft films will be required as well as hard ones
in order to open up new functions of the devices. For this
purpose, a ~111! oriented single crystal film seems to be
more favorable than ~100! or ~110! oriented ones for mag-
netic softness, because the former gives very low in-plane
anisotropy and isotropic softness in the film plane, as has
been already verified by experiments6,7 and theories.8–10
Some groups have reported epitaxial growth of Fe ~111! on
Si ~111! or GaAs ~111!.11–14 In these studies, however, the
presence of induced uniaxial anisotropy and formation of
FeAs2 at the Fe/GaAs interface made it difficult to charac-
terize the intrinsic magnetic properties of the Fe ~111! single
crystal film. Moreover, the dynamic magnetic behavior of
the Fe ~111! film has never been investigated in detail.
In this article, we fabricate high quality Fe ~111! single
crystal films on GaAs ~111! by our newly developed sputter
beam ~SB! method, which makes it possible to prepare ex-
cellent epitaxial films.15,16 Along with the crystallographic
and structural analyses of Fe ~111!, we also investigate their
static and dynamic magnetic behavior, and compare them
with the theoretical prediction.
II. EXPERIMENT
Figure 1 shows a schematic diagram of the sputter-beam
system ~SB system! which consists of two chambers: a dis-
charge and a film deposition chamber. The former is sur-
rounded by a liquid nitrogen shroud and the plasma is con-344 J. Appl. Phys. 81 (1), 1 January 1997 0021-8979/9
Downloaded¬25¬Mar¬2010¬to¬130.34.135.83.¬Redistribution¬subjefined in it. Therefore, a clean atmosphere in the discharge
chamber can be expected through a gettering effect of high-
rate sputtering and suppression of impurity desorption from
the chamber wall. The sputtered particles are ejected into the
film deposition chamber and injected normally onto the sub-
strate. This normal injection of the sputtered particles leads
to reduction of voids or columnar structures in the films.
Furthermore, film damages caused by bombardment of the
high energy ions are appreciably reduced, because the
plasma density is very low near the substrate. Using this
system, samples were grown on GaAs ~111! with a thickness
of 1000 Å at a deposition rate of 4.0–4.3 Å/min. The sub-
strate temperature was varied from 150 to 420 °C. The sub-
strate was baked at 400 °C for 10 min in a high vacuum
~,131027 Torr! prior to the deposition. The two chambers
in the SB system were evacuated to ;631028 Torr before
the deposition. Sputtering and deposition were performed in
Ar pressure of 431023 Torr in the discharge chamber and
2.2–2.6310 24 Torr in the deposition chamber. The electri-
cal resistivity of the deposited films was measured from 77
to 300 K. The crystal structure was characterized by the
x-ray diffraction ~XRD! with Cu Ka line and the reflection
high energy electron diffraction ~RHEED!. Interdiffusion be-
tween the film and the substrate was investigated by the Au-
ger electron spectroscopy ~AES!.
Magnetic properties of the films were measured by a
vibrating sample magnetometer ~VSM!, a torque magneto-
meter, and a permeability measurement system using a fer-
rite yoke.
III. THEORETICAL PREDICTION
By adopting the coordinate system shown in Fig. 2,
where a weak ac field h 5 hm exp(jvt) is applied to a ~111!
single crystal film, the initial permeability can be expressed
as follows:8,17m l54p
g2@B sin2~f02b!2 12C«0sin 2~f02b!#1 jv@ 12gMs«0 sin 2~f02b!1l sin2~f02b!#
v0
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where Ms , g, and l are the saturation magnetization, the
gyromagnetic constant, and the damping constant, while f0
and «0 are the azimuthal and the latitudinal angles of the
magnetization vector in the equilibrium state, b is the azi-
muthal angle of the external field h . E0 is the sum of the
magnetic anisotropy energy and the demagnetization energy
and is expressed as
E05K1S 142 23A2 cos 3f«212«2D
1K2H 1108 ~cos 6f11 !2 19A2 cos 3f«
1
1
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There are always three equilibrium positions for magnetiza-
tion vector. Therefore, apparent permeability of the ~111!
single crystal film for which the magnetization vectors are
assumed to be distributed homogeneously in these three
equilibrium positions can be obtained by averaging Eq. ~1!
for f.
FIG. 1. A schematic diagram of the sputter-beam system.J. Appl. Phys., Vol. 81, No. 1, 1 January 1997
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FIG. 2. The coordinate system for the calculation of the M -H curves and
the initial permeability.
FIG. 3. X-ray diffraction profiles of 1000-Å-thick Fe films grown on GaAs
~111! at various substrate temperatures.345Endo et al.
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If only rotation of the magnetization is be assumed, it
can be expected in Eq.~2! that the initial permeability of the
~111! single crystal film in the cubic crystal is independent of
the direction of the driving field ~b!, because the variable f
is not included in Eq. ~2!.
IV. RESULTS AND DISCUSSION
A. Structural characterization
Figure 3 shows the u 22u XRD patterns of the 1000-Å-
thick Fe films deposited on GaAs ~111! at various substrate
FIG. 4. ~a! A typical RHEED pattern of GaAs ~111! taken along @11¯0# and
~b! the corresponding reciprocal lattice. In ~b!, strong, medium, and weak
diffraction spots are indicated by the different marks s, d, and (, respec-
tively.
FIG. 5. A typical RHEED pattern of an 1000-Å-thick Fe ~111! film taken
along GaAs @11¯0#. The film was grown at 200 °C.346 J. Appl. Phys., Vol. 81, No. 1, 1 January 1997
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measurements corresponds to a plane spacing of 0.826–
0.827Å, which is identified as the a-Fe ~222!. Comparison of
the spacing with the bulk value ~0.8275 Å! indicates the
presence of a slightly compressive strain of less than 0.2% in
the direction of the film normal @~111! direction#, suggesting
the existence of tensile internal stress in the film plane. The
x-ray rocking curves showed that the full width at half maxi-
mum ~FWHM! of the a-Fe ~222! peak was less than 1°,
which was almost equal to that of the GaAs ~333!. The ab-
sence of other Fe peaks and the small FWHM of the Fe ~222!
rocking curves indicate that the ~111! plane of a-Fe is par-
allel to GaAs ~111!.
FIG. 6. The reciprocal lattice of a-Fe ~111! along GaAs @11¯0#, ~a! for
twinned orientation and ~b! for aligned orientation.
FIG. 7. The AES depth profile of the Fe ~111! film grown at 300 °C.Endo et al.
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As is well known in the epitaxial growth of Fe films on
Si ~111!, the films can be aligned and/or twinned.12–14 In
order to determine whether one or both of two orientations
exist in the present films, RHEED analysis was performed
with the incident electron beam along either GaAs @11¯0# or
@112¯#. Figures 4~a! and 4~b!, respectively, show a typical
RHEED pattern of GaAs ~111! taken along the @11¯0# direc-
tion and the schematic diagram of their reciprocal lattice.
Figure 5 shows a typical RHEED pattern of an 1000-Å-thick
Fe film taken along GaAs @11¯0#. Figure 6 depicts the recip-
rocal lattice of ~111! oriented a-Fe film along GaAs @11¯0#.
As shown in Fig. 6~a!, when twinned epitaxy at the Fe/GaAs
interface is established, the reciprocal lattice point 112,
which is the nearest to 222, should exist on the left side of
the @111# axis. On the other hand, in the case of the aligned
orientation, 112 should be located on the right side of the
@111# axis @Fig. 6~b!#. According to the RHEED pattern of
Fig. 5, it is clearly seen that the reciprocal lattice point 112 is
on the right side of the @111# axis. Thus, we can conclude
that the Fe ~111! films are epitaxially grown on GaAs ~111!
with the relationship of aligned epitaxy, i.e.,
(111)a-Fei~111!GaAs and @11¯0#a-Fei@11¯0#GaAs . Moreover,
since zeroth and first Laue zones can be clearly seen in Fig.
5, a-Fe ~111! films exhibit excellent epitaxial growth on the
GaAs substrate.
Figure 7 shows an AES depth profile of the Fe ~111! film
grown on GaAs ~111!. It is noticed that no preferential dif-
fusion of As into the Fe layer is observed at the Fe/GaAs
interface. The absence of preferential diffusion of As was
verified for all samples prepared at various substrate tem-
peratures from 150 to 420 °C. While Krebs, Jonker, and
FIG. 8. The RHEED pattern of an 100-Å-thick Fe ~100! film taken along
GaAs @110#. The film was grown at 250 °C.
FIG. 9. The SEM micrograph of the Fe ~111! film grown at 300 °C.J. Appl. Phys., Vol. 81, No. 1, 1 January 1997
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in the MBE-grown samples,18 the present SB method consid-
erably suppressed the As diffusion into the Fe layer although
the reason is yet unclear. Figure 8 is the RHEED pattern of
FIG. 10. A representative torque curve of an Fe ~111! film prepared at
200 °C.
FIG. 11. ~a! Calculated and ~b! experimental M -H curves along GaAs @11¯0#
~solid lines! and @112¯# ~dotted lines! of an 1000-Å-thick Fe ~111! film grown
at 350 °C. The following experimental parameters were adopted for the
present calculations. K1 5 5.0 3 105 erg/cc, K2 5 24.3 3 104 erg/cc, and
Ms51700 G.347Endo et al.
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FIG. 12. ~a! The angular dependence of the initial permeability at 1 MHz of
the Fe ~111! films grown at 200 and 300 °C, and ~b! the frequency charac-
teristic of the initial permeability of the Fe film prepared at 200 °C measured
along GaAs @11¯0# and @112¯#.348 J. Appl. Phys., Vol. 81, No. 1, 1 January 1997
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SB method. As can be noticed in this figure, very sharp
streaks due to a-Fe are clearly observed, and this result in-
dicates that the interdiffusion of As into Fe is effectively
suppressed even in the initial growth stage of Fe on GaAs.
Figure 9 shows a scanning electron microscopy ~SEM!
micrograph of the Fe ~111! film. The film surface is very flat,
but some microvoids are observed, the density of which is
estimated to be about 8%.
B. Magnetic properties
As shown in Fig. 10, magnetic torque curves of the Fe
~111! single crystal films on GaAs ~111! exhibit a well de-
fined sixfold symmetry superimposed by a small component
with a twofold symmetry. The small twofold symmetry com-
ponent may come from a slight misalignment of the sample
plane to the external field in the torque meter. Fourier analy-
sis of these curves gives an anisotropy constant of K2
5 2 4.3 3 104 erg/cc which is larger than that of bulk Fe
(K2 5 27.5 3 103 erg/cc). Such a difference in the value of
K2 may be attributed to internal stress caused by lattice mis-
match and/or the different thermal expansion coefficients be-
tween Fe and GaAs. The anisotropy constant K1 has already
been determined as 5.0 3 105 erg/cc by analyzing the torque
curve of Fe ~001! single crystal films grown on GaAs
~001!.16 Using these anisotropy constants, we can calculate
the magnetic behaviors of an Fe ~111! single crystal film
within the framework of a coherent spin rotation model.
Figure 11~a! shows the M -H curves predicted by the
calculation. As shown in this figure, it can be recognized that
@112¯# and @11¯0# axes, respectively, correspond to the easy
and the hard axis of the Fe ~111! single crystal film, and the
magnetic softness is appreciably improved compared with
~100! and ~110! single crystal films. Figure 11~b! shows the
M -H curves of the Fe ~111! film measured along GaAs
@11¯0# and @112¯#. They exhibit low Hc as expected from theFIG. 13. The dependence of the initial permeability on the deviation angle of magnetization ~«!. The following experimental values were adopted for the
present calculation:K1 5 5.03 105 erg/cc,K2 5 24.23 104 erg/cc, andMs51700G.Endo et al.
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calculation, but little dependence on the crystal axes is ob-
served. This disagreement may be attributed to the assump-
tion of magnetization process only by spin rotation. The
large amplitude magnetization reversal as in Fig. 11~b! may
be dominated by the domain wall displacements.
Figure 12~a! shows the dependence of the initial perme-
ability at 1 MHz on the direction of the rf field. As shown in
this figure, the permeability is almost constant in every di-
rection. Thus, the permeability is completely isotropic in the
plane, as expected in the above theoretical considerations
@Eq. ~2!#. Figure 12~b! depicts the frequency characteristic of
the initial permeability measured along GaAs @11¯0# and
@112¯#. For both directions, the permeability is almost con-
stant in the whole frequency range from 10 kHz to 10 MHz.
However, in comparison with the theoretical value ~m;
2000!, which is calculated using the value of K116 and K2
determined in the present experiment, the measured perme-
ability is much lower. Possible explanation for this disagree-
ment are as follows: According to the Bitter pattern observa-
tion, the films have domain structures with the domain width
of about 10 mm. Such a fine domain structure will effectively
reduce the demagnetizing field acting on the magnetization
vector. This reduction of the demagnetizing field will allow
the magnetization vector rise out of the film plane toward
one of these principal easy axes such as a-Fe @100#, @010#,
and @001# which make an angle of 35.3° with the film plane
~111!. As shown in Fig. 13, such deviation of the magneti-
zation vector from the film plane greatly deteriorates initial
permeability, because, in addition to K2, K1 becomes a
dominant factor to determine the permeability. For instance,
if the demagnetizing field is a half of the single domain state,
the deviation angle ~«! of the magnetization from the film
plane increases from 0.35° of the single domain state to
0.73°, resulting in a drastic decrease in initial permeability
from 2000 to 870. So, K1 obviously influences the perme-
ability ~and also the domain structure! and adjustment of
K1 is effective in controlling the initial permeability. An-
other factor lowering the initial permeability is the existence
of low density microvoids, as mentioned in Sec. IV A. Such
voids might impede the rotation of the magnetization. But
this problem is not an essential one and probably can be
solved by performing more careful cleaning of the GaAs
substrates.
V. CONCLUSIONS
Aiming to fabricate an excellent single crystal film with
isotropic soft magnetic properties, we attempted epitaxialJ. Appl. Phys., Vol. 81, No. 1, 1 January 1997
Downloaded¬25¬Mar¬2010¬to¬130.34.135.83.¬Redistribution¬subjegrowth of Fe~111! on GaAs~111! by the SB method. As the
result, Fe single crystal films have been successfully grown
on GaAs with the relationship of aligned epitaxy, i.e.,
~111!a-Fei~111!GaAs and @11¯0#a-Fei@11¯0#GaAs .
The dispersion angle of @111#a-Fe was almost equal to
that of @111#GaAs , indicating the excellent epitaxial growth
of (111)a-Fe on (111)GaAs . The anisotropy constant K2 was
determined as 2 4.3 3 104 erg/cc, which is somewhat larger
than the bulk value. These films exhibit isotropic magnetic
softness in the film plane, as predicted by the theory, al-
though the initial permeability is lower than the predicted
value. The disagreement is mainly due to the deviation of the
magnetization vector outside the film plane. In order to real-
ize better performance of the ~111! single crystal films, op-
timal adjustment of anisotropy constants (K1 ,K2) are re-
quired.
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